The binding energies as well as wave functions of hydrogenic impurities located in V-groove GaAs/Al x Ga 1−x As quantum wires are calculated for different positions of the impurity inside the wires. The variational method is used and the carrier ground states are analytically calculated by an effective potential scheme together with a suitable coordinate transformation that allows the decoupling of the two-dimensional Schrodinger equation. The results are in good agreement with experimental points and other previous investigations.
I. INTRODUCTION
In the past few years, there has been an increasing interest in the electronical and optical properties of quantum wires. As the quantum confinement leads to the enhancement of the density of states at specific energies and increases the importance of excitonic effects by the modification of electron-hole Coulomb interaction [1] , one-dimensional quantum wire structures have wide potential applications in future optical devices. Some novel techniques have been successful in obtaining a certain type of heterostructure known as ridge quantum wires. These ridge quantum wires have been obtained for a variety of materials such as InGaAs/GaAs [2] , InGaAs/AlGaAs [3] , InGaAs/InP [4] and GaAs/AlGaAs [5] . Due to the unusual form of the barrier profile of V-groove quantum wires, the calculation of hydrogenic impurity states may become impractical if the method of calculation of the carrier ground states is also numerically intensive. Several theoretical approaches have been put forth for the calculation of the energy levels and wave functions: Pescetelli et al [6] used a tight-binding method for V-shaped quantum wire, Sa'ar et al [7] proposed a local-envelope function, and Ammann et al [8] used a quasi-factorization scheme. In the latter case, the wave functions were calculated for an adiabatic approximation of the potential profiles which therefore limits the calculation to smoothly angled, V-shaped wires. The binding energy of a hydrogenic impurity in a cylindrical quantum wire has been calculated as a function of location of the impurity with respect to the axis of the quantum wire in [9] . The effect of the shape of a cross-section on the impurity binding energies for a quantum wire has been investigated in [10] . However, in general the 2-dimensional Schrödinger equation in the effective mass approximation has been calculated numerically using either plane-wave expansion [11] [12] [13] or by adapting finite element methods [14] . In all cases, the methods employed require considerable numerical effort and impose major restrictions for their use in calculating electronic and optical properties.
Recently, a coordinate transformation method was used to study the electronic structures around corrugated interfaces and in V-groove quantum wires. By this method, the nonplanar boundaries become a confining potential and the boundary conditions of electronic wave functions can be satisfied exactly on the interfaces after the coordinate transformation.
In this paper the method of effective potential [15] is used and the 2D Schrödinger equation is analytically solved [16] . Then, the variational method is applied and the binding energies of hydrogenic impurity are calculated. The method provides energy levels and wave functions that are in good agreement with more complicated calculations.
II. THEORY
In the effective mass approximation within envelope function formalism, the single particle Hamiltonian in V-grooved quantum wire can be written:
where r and P are the electron coordinate and momentum. m 1 , m 2 and V 0 are the carrier band effective mass in the well material and the barrier material and the carrier-confining potential, respactively. y 1 (x) and y 2 (x) describe the upper and bottom boundaries of ridge quantum wire, Fig. 1 . The following coordinate transformation transforms the V-shaped boundaries into planar ones
where b is the bend width at the top of the ridge and the angle θ is such that (180 • − 2θ) is the actual angle between the facets of the ridge. The transformed Schrödinger equation becomes considerably more complicated as it now contains all the information about the lateral confinement.
In the transformed coordinates the potential barrier becomes a function of y only, such as:
and
where L and J(r ) are the channel width along the y direction and the Jacobian determinant. In the new coordinate space, the V-groove quantum wire becomes a quantum well with a confining potential in the x direction. All mixed terms of the Eq. (3) is replaced by an effective lateral potential [15] :
where V x is an angle-independent barrier factor. This form of the lateral potential is proportional to the angle between the facets of the ridge , which allows the decoupling of the two-dimensional Schrödinger equation into two readily solved one-dimensional Schrödinger equations. These equations were analytically solved and the wave functions and energy levels for the carrier were obtained [16] . For ground state, the wave functions of carrier are given as:
The Hamiltonian for shallow donor impurity states can be written as
where ε and r i are the dielectric constant and the impurity position, respectively. The impurity binding energy is calculated by a traditional variational method, due to no exact solutions to the impurity states in quantum wire. The following trial wave function in transformed coordinate is adopted for ground impurity state in ridge quantum wire:
where ψ(x , y ) is the ground state wave function without impurity, Eq. (7). The α is the variational parameter, and will be determined by minimizing the expectation value of the Hamiltonian E = Ψ|H im |Ψ . The impurity binding energy, which is defined as the difference between the lowest value of the energy for the system without the impurity and the minimized value of E, is obtained numerically.
all calculations are carried out in transformed coordinates.
III. RESULTS AND DISCUSSION
The impurity states are an important factor to affect the electric-transportation and optical properties in lowdimensional semiconductor structures. The binding energies and wave function are calculated for GaAs/Ga 0.7 Al 0.3 As Vgrooved quantum wire. The material parameters used in calculations are: m * e = 0.067, dielectric constant ε = 13.18ε 0 , the barrier potential V 0 = 264meV and the barrier factor V X = 42.4meV for the conduction band [17] . The angle is θ = 54.75 • such that 180 • − 2θ corresponds to the measured angle between the two facets of the wire [15, 16] . The variational parameter which minimizes the expectation value of the Hamiltonian of the system was calculated for different positions of the impurity inside the wire. The donor binding energies as a function of the impurity position x i and y i are shown in Fig. 2 for a V-groove quantum wire with L = 8nm and b = 4nm. As it is seen, the binding energy is maximum for a donor located at the center of the Vgroove quantum wire and decreases as the donor position is moved away from the center. A larger decrease is also observed for donors located in the barrier region. The quantitative and qualitative behaviours of the binding energies are in close agreement with the calculations of Weber and de Paula [17] for similar structures.
The wave functions for two impurity positions in the quantum wires are shown in Figs.3-4 . For an impurity located at the center of the wire, the wave function is localized in the central region Fig. 3 , and for impurities located other positions, the wave functions become strongly deformed Fig. 4 . Penetration of the impurity wave functions into barrier regions are also seen in Figs.3-4 . These figures are also in good agreement with the numerical analysis by Weber [17] . seen, when the dimension of ridge quantum wire decreases, the impurity binding energy at three points increases at first, to a maximum value, and then decreases. These behaviours are similar to the impurity state in traditional quantum wires with finite confining potential [18] . This phenomenon is related to the change of the electron confinement in ridge quantum wires. When the dimension of V-groove quantum wire decreases, the confinement of electrons is strengthened, and therefore the impurity binding energy increases. Because the practical V-groove quantum wires with finite confining potential are considered here, and when the dimension of V-groove quantum wires is reduced to a small limited value, most of the electronic wave functions begin to leak out of the well region, which results in a maximum impurity binding energy at a small L value. It is also interesting to note that the impurity binding energy at the center is larger than that two boundary points. The impurity binding energy at the bottom boundary point is larger than at the upper boundary point, which indicates an asymmetrical distribution of impurity binding energy along the direction normal to the boundaries. This difference is different from the impurity state behaviour in traditional quantum wire structures [10, 18] . In order to understand clearly the asymmetrical distribution of impurity binding energy in V-groove quantum wires, the dependence of binding energy on the impurity position along the y-axis for L = 8.8nm and θ = 54.75 • is shown in Fig.6 , solid curve. For comparison the experimental work done by Vouilloz et al [19] for a quantum wire with L = 8.8nm and different curvatures is also shown in this figure, dashed curve. As is seen, the calculated results are close to the experimental value. The asymmetrical distribution of impurity binding energy along the y direction can be clearly seen, and the weighted center of the binding energy distribution in the y direction moves to the convex side of quantum wire.
IV. CONCLUSION
We calculated shallow impurity binding energies in Vgroove quantum wires using an effective potential method for the calculation of the electron and hole ground states. It was found that the impurity state behaviour in ridge quantum wire in a sense is similar to that in traditional quantum wires. However, the distribution of impurity binding energy along the direction normal to the V-shaped boundaries is asymmetrical, and the impurity position corresponding to the maximum binding energy deviates from the center, due to the asymmetrical confining potential produced by the V-shaped boundaries in the y direction.
